Zymomonas mobilis is an aeroduric gram-negative anaerobe which produces ethanol as a major product of fermentation (3, 27) . Considerable interest has been generated in the potential of Z. mobilis for commercial ethanol production (10, 13) , since it can produce alcohol at double the rate that yeasts can (17, 19, 22) . Though Z. mobilis is a natural fermentative agent in the production of palm wines and pulque (25) , the possible large-scale production of ethanol by Z. mobilis has been restricted in part because its substrate range is limited to glucose, fructose, and sucrose (27) . It should be possible to increase its range of utilization of substrates by transferring appropriate hydrolase genes to it with recombinant DNA approaches. However, genetic manipulation of this microorganism has been impeded in part because it is resistant to several commonly employed antibiotics, thus limiting the use of standard broad-host-range plasmids as vectors, as the expression of resistance genes is used to monitor the plasmid transfer (26, 28) .
It is possible to circumvent this problem in a limited manner by using plasmids that code only for antibiotic resistance genes to which Z. mobilis is sensitive, such as chloramphenicol or tetracycline. However, this approach limits both the number of available cloning vectors (23) and the number of sites available for insertional inactivation. An alternative approach is to develop strains of Z. mobilis that are sensitive to routinely used antibiotics, thus facilitating the use of R-plasmids as cloning vehicles. This latter approach (the selection of antibiotic-sensitive strains of Z. mobilis) and their potential as recipients of broad-host-range vectors are presented.
MATERIALS AND METHODS
Strains and plasmids. Z. mobilis CP4 and Escherichia coli HB101 have been described (5, 20) . Other bacterial strains and plasmids are listed in Table 1 Antibiotic-sensitive mutants. Antibiotic-sensitive mutants were selected after UV irradiation of the naturally antibioticresistant Z. mobilis CP4 such that 95% of the cells were inactivated (21), followed by overnight growth at 28°C in GYx broth containing 3 ,ug of mitomycin C per ml and subsequent plating on GYx agar. Antibiotic-sensitive mutants were detected after transfer of colonies onto plates containing antibiotics (100 ,ug/ml), with aerobic incubation at 280C.
MICs. MICs of antibiotics for Z. mobilis CP4 were determined by spreading 0.1 ml of exponential-phase cells (approximately 5 x 107) on the surface of GYx agar plates containing antibiotics, followed by aerobic incubation at 28°C. The MIC was defined as the lowest concentration of antibiotic that resulted in lack of growth after 48 h. MICs (micrograms per milliliter) for the various antibiotics were as follows: ampicillin, 250; gentamicin, 80; kanamycin, 200; nalidixic acid, 1,000; neomycin, 1,250; chloramphenicol, 125; rifampin, 10; spectinomycin, 50; tetracycline, 20; streptomycin, >7,000.
Plasmid DNA extraction and characterization. Extraction of plasmid DNA from Z. mobilis was performed essentially as described by Stokes et al. (26) . Plasmid DNA from E. coli was extracted in the same manner except that 0.3% Triton X-300 was used in place of 2% sodium dodecyl sulfate during cell lysis. Plasmid DNA was characterized electrophoretically in 0.5% agarose gels by using TAE buffer (40 mM Tris hydrochloride, 40 mM acetate, 2 mM EDTA [pH 7.8]) (20) .
Transfer of plasmids to Z. mobilis CP4.45. Conjugation of E. coli and Z. mobilis was facilitated by the use of a mobilizing strain, E. coli HB101 containing pRK2013 (Table   TABLE 1 1). Donor, recipient, and mobilizing strain cells were grown in liquid medium overnight, and then 0.1 ml of each was mixed on plates consisting of nutrient broth (1%), glucose (2%), yeast extract (2%), potassium monophosphate (0.1%), and agar (1.5%). The cells were incubated anaerobically for 4 h, resuspended with 0.5 ml of 0.9% sodium chloride, and spread onto selective media. Nalidixic acid (75 ,uglml) or streptomycin (300 ,ug/ml) was used to select against the E. coli donor strains. Antibiotic-sensitive Z. mobilis cells that received the transferred plasmid were selected by their resistance to ampicillin (500 ,ug/ml) or kanamycin (500 jxg/ml). Transformation of Z. mobilis with plasmid DNA was performed by a modification of the calcium chloride protocol (20) essentially as suggested by S. K. Walia (personal communication). Magnesium chloride (150 mM) was used in place of calcium chloride, and Z. mobilis cells were incubated in GYx for 6 h after heat shock. Selection of transformants was as described for selection of Z. mobilis transconjugants.
Retransfer of plasmids to E. coli. Broad-host-range plasmids in Z. mobilis CP4.45 were retransferred via transformation to E. coli S17-1 by the calcium chloride/rubidium chloride procedure of Maniatis et al. (20) . Conjugal transfer was also performed as described previously, except that MacConkey lactose agar was used to select against Z. mobilis. RESULTS Isolation and characterization of antibiotic-sensitive strains. Roughly 5% of 1,100 colonies screened exhibited reduced resistance to two antibiotics, ampicillin and kanamycin. In all cases, the sensitivity was dual in nature and only to ampicillin and kanamycin. One mutant, designated Z. mobilis CP4.45, was selected for further study, as it exhibited the greatest sensitivity to both antibiotics. Z. mobilis CP4.45 exhibited MICs (micrograms per milliliter) of 80 for ampicillin and 60 for kanamycin, compared to MICs for the wild type of 250 for ampicillin and 200 for kanamycin (see above). Over 99% of Z. mobilis CP4.45 cells retained their sensitivity to both ampicillin and kanamycin after three consecutive subcultures on GYx plates lacking antibiotics. In instances of reversion, increased dual resistance was noted to both ampicillin and kanamycin; no revertants exhibiting sensitivity to a single antibiotic were detected.
It should be noted that the level of antibiotic resistance for both the wild-type and mutant Z. mobilis cultures was dependent on culture conditions. Z. mobilis, when grown aerobically on plates, is more sensitive to the antibiotics tested (ampicillin and kanamycin) than when grown anaerobically (Table 2 ) and, analogously, when grown within agar is more resistant than when grown aerobically on the surface of agar plates. To of the mutant and of the wild-type strain (CP4) were compared. No differences in the electrophoretic banding patterns were observed between the plasmids of the two strains (Fig.  1) .
Plasmids transferred to Z. mobilis CP4.45. To determine whether the antibiotic-sensitive mutant Z. mobilis CP4.45 would be useful in further plasmid transfer experiments, broad-host-range plasmids RP4, pGC91.14, pKT230, and pSUP304 (Table 1) were conjugally transferred from E. coli to Z. mobilis at rates of 4.9 x 10-6, 4.0 x 10-6, 3.6 x 10-7, and 1.3 x 10-6 transconjugants per donor, respectively. The transfer of each plasmid to Z. mobilis CP4.45 was evidenced by expression of antibiotic resistance genes (Table 3) . Transconjugants were further characterized by correlation with other plasmid-encoded antibiotic resistances (Tcr), plasmid mobility in agarose gel electrophoresis, and retransfer of the plasmids from Z. mobilis to E. coli.
The transconjugants were first examined for phenotypic expression of unselected marker genes ( pGC91.14, pKT230, and pSUP304 from E. coli comigrated with the plasmids in the Z. mobilis CP4.45 transconjugants (Fig. 1) .
To evaluate the state of the plasmids conjugally transferred to Z. mobilis, they were transferred back to E. coli (strains HB101 and S17-1). Plasmids RP4 and pGC91.14 were each conjugally retransferred to E. coli HB101 with selection by ampicillin, kanamycin, or tetracycline on MacConkey lactose plates. The transconjugants of E. coli HB101 contained only plasmids which appeared phenotypically indistinguishable from the plasmids originally transferred to Z. mobilis CP4.45 when compared by expression of antibiotic resistance and mobility on agarose gels.
Although we were unable to accomplish conjugal retransfer of plasmids pKT230 and pSUP304 from Z. mobilis to E. coli, retransformation of E. coli S17-1 by plasmid DNA from Z. mobilis containing either pKT230 or pSUP304 yielded E. coli transformants. The transformed E. coli strain contained plasmids which appeared indistinguishable from the originally transferred plasmids, as evidenced by plasmid-encoded antibiotic resistances and plasmid mobility on agarose gels. However, no transfer of native Z. mobilis plasmids to E. coli S17-1 by transformation was observed in these experiments. A similar result has been noted for several E. coli strains (28) .
Transformation of Z. mobilis by pKT230, pSUP304, and RP4 was accomplished, albeit at a much lower frequency of transfer (<100/jig of DNA) than was observed for transformation of E. coli (>105/,ug of DNA) by pKT230 and pSUP304. As is routinely found in other bacteria, the efficiency of transformation in Z. mobilis is dependent on the size of the transforming plasmid, with larger plasmids being transferred less often than smaller plasmids (data not shown), which appears to be similar to the phenomenon observed in E. coli (15) . Successful transformants of Z. mobilis were found only with those plasmids that were also conjugally transferred from E. coli strains (Table 3) .
Plasmids such as pMON5003 (B. C. Hemming, personal communication) and pSUP204 (23) were not maintained in Z. mobilis when transferred by either method. Conjugation of Z. mobilis CP4.45 with E. coli M182 containing plasmid pMON5003 resulted in Z. mobilis cells which expressed resistance to kanamycin, but which did not express Igalactosidase. Plasmid pMON5003 could not be demonstrated in Z. mobilis CP4.45 by agarose gel electrophoresis or retransfer to E. coli. Plasmid pSUP204 transferred to Z. mobilis resulted in cells which rapidly lost resistance to unselected antibiotics in serial culture. DISCUSSION Z. mobilis is naturally resistant to several antibiotics; thus, the introduction of genes into it through the aegis of broadhost-range plasmids has been restricted by the limited number of antibiotic resistance genes that can be used as selective markers. To facilitate the use of such common broad-host-range plasmids, we decided to use antibioticsensitive mutants. Since the resistance to antibiotics varied according to culture conditions (Table 2) , we defined the MIC as the lowest concentration of antibiotic which resulted in lack of growth of cells spread on the surface of agar plates, after 48 h of aerobic incubation at 28°C. The lowered level of resistance was arbitrarily selected as sensitivity to 100 ,ug of antibiotic per ml (GYx plates). This level is considerably reduced from the natural levels of resistance to ampicillin and kanamycin (250 and 200 ,ug/ml, respectively). Such (2, 12, 14, 22, 29, 30) . We were initially unsuccessful in isolating antibiotic-sensitive mutants of Z. mobilis CP4 by use of a single mutagen. However, when we used UV light and mitomycin C in succession, 54 mutants were detected in our screening of only 1,100 colonies. All antibiotic-sensitive mutants isolated exhibited dual reduced resistance to both ampicillin and kanamycin, with the most sensitive strain, Z. mobilis CP4.45, exhibiting MICs for ampicillin and kanamycin of 80 and 60 ,ug/ml, respectively. The basis for the dual sensitivity is unknown. However, the usual mechanisms of resistance to ampicillin and kanamycin are clearly distinct (11, 18) , and it is unlikely that two distinct genetic resistance loci were inactivated in all the antibiotic-sensitive mutants. Eveleigh et al. (9) discussed the possibility that resistance by Z. mobilis to several antibiotics (see above) may be the result of the inability of the organism to transport aminoglycosides across the cellular membrane. The combined sensitivity to both ampicillin and kanamycin of the antibiotic-sensitive Z. mobilis mutant may be due to such an effect on a general mechanism of resistance (for example, cellular permeability). Mutants exhibiting modified permeability can also exhibit other pleiotropic changes. These changes could be detrimental to future genetic engineering and in commercial application. However, cell permeability mutants are used in large-scale industrial fermentations, e.g., the production of monosodium glutamate. In our instance, no deleterious effects are apparent, and the growth rates of the wild-type and antibiotic-sensitive mutants are very similar.
No change in plasmid content was associated with the antibiotic-sensitive phenotype of strain CP4.45 (Fig. 1) . However, Drainas et al. (7, 8) have isolated, via plasmid curing, Z. mobilis strains which are sensitive to streptomycin and neomycin. Plasmid-associated antibiotic resistance (gentamicin, kanamycin, streptomycin) of Z. mobilis has previously been established (28 (Table 3) . Z. mobilis CP4.45 recipients were selected on antibiotic levels which were actually greater than the MIC for the wild-type cells to avoid selection of resistant revertants. However, it was also noted that antibiotic-sensitive strain recipients containing broad-hostrange plasmids exhibit markedly higher antibiotic resistance levels than do the wild-type cells. Thus, it should also be possible to directly screen for plasmid transfer to the native cells, provided that they will also exhibit markedly greater antibiotic resistance. This was confirmed by selecting for plasmid RP4 after conjugal transfer from E. coli J53 to Z. mobilis CP4 by selection on kanamycin (500 p.g/ml) with counterselection against the E. coli donor by streptomycin (200 ,ug/ml). The frequency of plasmid transfer by this method (5 x 10-8) was notably reduced from the frequency observed by conjugation with the antibiotic-sensitive mutant Z. mobilis CP4.45 (4 x 10-6) and from similar values reported by other workers (24) . Application of this technique for direct selection of strains with greater antibiotic resistance than the wild-type strains without using antibioticsensitive strains as hosts is thus possible in Z. mobilis, but exceedingly large amounts of antibiotics (500 ,ug/ml) combined with the reduced frequency of plasmid transfer somewhat mar this approach.
The antibiotic resistances of Z. mobilis containing the newly acquired plasmids were generally greater than those exhibited by the E. coli donor strains containing the same plasmids ( Table 3 ). The reason for the greater resistance in Z. mobilis compared with E. coli is unknown, but explanations could include physiologic distinctions in the promoter recognition capabilities of the two organisms or perhaps physical differences resulting in modified permeability of the cell envelopes.
Although it is possible that some of the plasmids transferred to Z. mobilis underwent rearrangements which prevented reconjugation to E. coli, the transfer of plasmids to Z. mobilis has been demonstrated without major change in their status (19, 22, 24) . However, since plasmids RP4 and pGC91.14 could be reconjugated to E. coli and the nonreconjugal plasmids could be transferred to E. coli by transformation without any change in phenotype, this may be simply a problem in the mobilization of plasmids from Z.
mobilis to E. coli.
The transfer of plasmids such as pKT230 and pSUP304 to antibiotic-sensitive strains of Z. mobilis, by using ampicillin or kanamycin for selection, extends the application of such useful plasmid cloning vehicles (1, 23, 24) in genetic studies of this ethanologen by allowing the additional use of selectable antibiotic resistance genes from these two broad-hostrange plasmid classes.
